A lower mantle S-wave triplication detected with short-and longperiod WWSSN and CSN recordings indicates a substantial shear velocity discontinuity near 280 km above the core-mantle boundary. The triplication can be observed in rotated SH seismograms from intermediate and deep focus events throughout the distance range from 70" to 95". Three distinct source region-receiver array combinations that have been investigated in detail demonstrate consistent travel time and relative amplitude behaviour of the triplication, with slight systematic shifts in the triplication indicating up to 4 0 k m variations in the depth of the discontinuity. Modelling of the observations with synthetic seismograms produced with the Cagniard de Hoop and reflectivity methods constrains the shear velocity increase to be 2.75 k 0.25 per cent, comparable to upper mantle discontinuities. Short-period observations indicate that the velocity increase may be a sharp first-order discontinuity, or may extend over a transition zone no more than 50 km thick. The shear velocity gradient below the discontinuity, within the D" layer, is not well-constrained by the SH data, but slightly positive or near zero velocity gradients are consistent with the long-period amplitude ratios of ScSH/SH.
Introduction
The lowermost 200 km of the mantle (D" region) has long been associated with anomalously low shear velocity gradients and increased scatter in travel times and amplitudes of S-waves (Bullen 1949; Cleary, Porra & Read 1967; Hales & Roberts 1970) . Gross earth models determined from travel times and free oscillations (e.g. Bullen 1963; Sengupta 1975; Gilbert & Dziewonski 1975; Anderson & Hart 1976; Dziewonski & Anderson 1981) have generally indicated very smooth lower mantle velocity structures with mild positive or near zero shear velocity gradients within D". Early investigations of diffracted SH-wave travel times, relying on classical ray theory interpretations, suggested very low S-wave velocities at the coremantle boundary (CMB) and attendant strong negative velocity gradients above the boundary (Cleary et al. 1967; Cleary 1969; Bolt, Niazi & Somerville 1970; Hales & Roberts 1970) . However, recent studies of diffracted S utilizing more complete diffraction theory 8 00 and synthetic modelling capabilities have found milder positive or negative shear velocity gradients in D", generally compatible with the gross earth models (Mondt 1977; Doornbos & Mondt 1979; Okal & Geller 1979; Mula & Muller 1980) . There is little agreement in the fine details of the various shear velocity models that have been determined for the base of the mantle, which may reflect the actual heterogeneity of the region, or possibly the limited resolution of the free oscillation, travel time and diffracted wave analyses which have been performed. No study of the shear velocity structure in the lower mantle has indicated any significant discontinuity near the top of D", other than smooth changes in the velocity gradient. There is clearly a large amount of lateral averaging in all of these studies, and regional variations in D" would be difficult to resolve. Any fine velocity structure such as small discontinuities, even of a global nature, could also have been completely missed because of the rather subtle effects produced by lower mantle structure.
Determination of the lower mantle shear velocity structure is complicated by the high attenuation of S phases in the mantle, the arrival of late P phases, and the contamination of direct S arrivals by SKS, which crosses over and arrives ahead of SV beyond 82". Yet, S-waves have a major advantage over P-waves for D" studies, in that the intrinsically lower shear velocities help to separate the arrivals produced by any fine structure, allowing discrete phases to be observed. Utilizing SH phases reduces the contamination of late P and SKS arrivals. In addition, the ScSH phase is completely reflected at the core and is easily observable, unlike PcP which is hard to identify over large distance ranges. Several recent attempts to utilize P-waves to resolve fine structure of the lower mantle indicate that there is significant P-wave velocity structure within D" (Ruff & Helmberger 1982; Wright & Lyons 1979 ; however, substantial data processing is necessary to isolate the subtle effects of this fine structure on the P-waves. In this paper we present a large body of S-wave data which show clear evidence for major shear wave velocity structure at the top of D". In addition, since we utilize direct body wave phases which sample relatively localized regions of the lower mantle, we are able to quantify lateral variations in D" for three distinct regions. These results yield the important conclusion that the D" region is stratified, possibly on a global scale, with either a phase change or compositional change from the mantle above it. Thus, a simple model of the D" region as a thermal boundary layer with diminished velocity gradients caused by a superadiabatic thermal gradient is unwarranted.
The shear velocity models that have been proposed for the lower mantle are generally very smooth below 1000 km depth, with the only major features being low velocity zones at the base of the mantle in the few models which incorporated early estimates of the diffracted S-ray parameter (Randall 1971; Robinson & Kovach 1972) . All other features in the velocity models are too small to produce a triplication or observable S-wave reflections. Thus, for an intermediate or deep focus earthquake, no SH arrival is predicted between direct S and ScS at distances large enough that all surface reflections arrive after ScS. This is generally substantiated by data as can be seen in Fig. 1 . The data are rotated tangential component seismograms recorded at long period WWSSN and Canadian Seismic Network (CSN) stations in North America. The Sea of Okhostsk event shown has a focal depth of 583 km, and sS arrives later than ScS at distances greater than 44'. The SH radiation to North America is near the maximum for both S and ScS so each phase is clearly observable. Note the lack of any coherent arrival between S and ScS in the range 44-70' that could be attributed to either source or deep mantle structure. There is appreciable receiver structure at some stations, notably BKS and COR, but, in general, the signals are quite simple and coherent. This coherence reflects the fact that the stations lie in a narrow azimuth range in a stable portion of the radiation pattern for this event. However, beyond 70" there is a systematic arrival between S and ScS, indicated by the arrows, which interferes with the down-
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swing of direct S, and appears to maintain a nearly constant separation from ScS. This feature is investigated in detail below, to determine whether it is due to source complexity, receiver structure, or lower mantle structure. Before proceeding with the data analysis, it is instructive to determine what features a lower mantle discontinuiuty would produce in a profile of SH data like that in Fig. 1 Press (1966) as a reference model. This model has smooth shear velocity gradients throughout the mantle except for a zero gradient within D". The only systematic departure of more recent data sets from the JB S-wave model in the range 40-100" is that beyond 80" the JB times are progressively early by several seconds (see Sengupta 1975, figs 3-17 and 3-19 for a comparison of various models). For a surface focus event, an S-wave travelling 80" bottoms at a depth around 2200 km in the mantle. Therefore, below this depth it appears that the JB model is too fast. The core radius in the JB model (3473 km) also is slightly inconsistent with more recent estimates from PcP and free oscillations (Dziewonski & Haddon 1974) and is increased to 3485 km in the models determined in this paper. Fig. 2 shows the lower 700 km of the mantle shear wave structure for the JB model and for a model with a 2.75 per cent velocity discontinuity 278 km above the CMB. The latter model, SLHO, is actually that derived for the SH data from Sea of Okhotsk events recorded in North America, as shown below. The presence of the large, sharp discontinuity produces a triplication not produced by the JB model. Synthetic SH seismograms for these two velocity structures are compared in Fig. 3 . The synthetics are computed using the Cagniard de Figure 2. Velocity profiles of the reference JB model and model SLHO which is derived from the Sea of Okhotsk data recorded in North America. The core radius for SLHO is 12km greater than for the JB model. The velocity discontinuity 278 km above the core in model SLHO is a 2.75 per cent increase. The models are identical above 2200 km. The synthetics on the left were generated using the JB model, which has smooth velocity gradients in the lower mantle and only produces the S and ScS phases. Those on the right were generated for model SLHO in Fig. 2 , which produces the additional triplication arrival between S and ScS. Note that this phase must be very strong at 80" to produce the clear distortion of the S-wave downswing.
Hoop generalized ray theory method as discussed by Helmberger (1974) . For the smooth JB model the only two arrivals predicted are direct S and ScS. The triplication produced by model SLHO produces the arrival between ScS and S. This arrival, which corresponds to the Scd branch in standard triplication terminology (see Fig. 14) , is small near 70' and is virtually unobservable at closer distances, particularly given the typical noise level between S and ScS shown in Fig. 1 . By 75", Scd is quite large, and it begins to interfere with the direct S (Sub) arrival. At 80' Scd is apparent in the downswing of the direct arrival and a strong interference is apparent. Note that the second arrival is actually very large, for it sharply turns the instrument downswing of the Sab arrival. At this range the Scd arrival is as large as ScS, though because of the interference with Sab, the arrival is somewhat obscured. This type of interference pattern is what should be looked for in the SH data in this distance range.
Sea of Okhotsk data recorded i n North America
The most complete S-wave data set that we have gathered is for 10 intermediate and deep focus events in the Sea of Okhotsk recorded at WWSSN and CSN stations in North America. The epicentres and stations are shown in Fig. 4 , and the hypocentral coordinates are listed in Table 1 . All events since 1963 with nib > 5.5 and focal depths greater than 100 km along the Kurile trench were examined in collecting these data. The selection criteria imposed were: stable SH radiation patterns to North America, simple impulsive waveforms indicative of minimal source complexity, and adequate station coverage to provide dense profiles in the range of 45-90". AU short-and long-period horizontal components which could be recovered were digitized over the time interval from direct S to ScS and rotated into tangential and radial components. This yielded data profiles similar to those in Fig. 1 , for both short and long periods. While we have found that the direct evidence for a lower mantle triplication is apparent in the data only at distances greater than 68", as suggested in to better assess the source complexity of each event.
As shown in Fig. 4 , the North American stations span about 50" in azimuth from the Okhotsk source region, along the strike of the subducting slab. Since most of the source mechanisms have a P-wave nodal plane with a strike similar to that of the slab, the SH radiation is very stable to North America for both S and ScS. This is indicated in Fig. 5 , which shows the nodal radiation orientations for P, SV and SH signals for several of the covered by North American S and ScS observations. For the top two events both P and S V are nodal in this region, whereas for the bottom event SV and SH are comparably stable.
events used. The hatchured region in the SH mechanism for the first event indicates the portion of the focal sphere covered by S and ScS rays to North American stations. P-wave first motion mechanisms for each event were taken from the literature or newly determined and the observed long-period SV/SH amplitude ratios were used to redetermine each mechanism. This allowed us t o refine the mechanisms and to select between conflicting 806 T. Lay and D. V. Helmberger enabling us to inspect the SY data as well. The nodal character of the P and SV radiation for most of the events helps to minimize the complications due to late P arrivals and SKS. The long-period SH signals generally rotate very well and appear to be free of anomalous effects due to mismatched horizontal components. The short-period signals tend to be more complicated and often do not rotate as cleanly as the corresponding long periods. Thus, we emphasize the longperiod data in this presentation. Fig. 6 shows an enlargement of the data from Fig. 1 . The arrival between S and ScS is particularly clear from 78" to 80°, where the direct S downswing shows an additional arrival, Scd, not apparent in the direct S pulse at closer distances. This interference shifts systematically with distance. On the right is a profile of synthetics computed with the Cagniard de Hoop method for model SLHO (Fig. 2) . No radiation pattern is included in the synthetics, but this is of little consequence because the SH radiation is very stable between S and ScS.
In constructing these synthetics we have not attempted to include individual station receiver structures, since these are not well known. Fortunately, many of the important observations are recorded at East Coast stations which have particularly simple SH receiver structures (Lay & Helmberger 1981) , so this does not appear to be a major problem. The simple, impulsive waveforms of this event and subsequent events discussed in this study are adequately reproduced by the point sources used in the modelling.
Since the direct S travel times and ScS-S differential times for all the data presented in this paper are very consistent with the JB model predictions, as demonstrated in , we used the JB model with an increased core radius of 3485 km as a starting model in the waveform modelling. We tried to find the minimum perturbations to this model that would reproduce the travel times and amplitudes of the Scd arrivals. The velocity structure above 2300 km depth was kept fixed so that direct S times, to a distance of around 82", in model SLHO are the same as for the JB model. Since the final model, SLHO, oscillates around the starting JB model, as seen in Fig. 2 , the S and ScS-S times are very close to the original JB times and, hence, provide a good fit to the observations. This modelling procedure was greatly simplified by using the generalized ray theory technique which provides a clear interpretation of any model perturbations. The source wavelet used in the synthetics was determined by fitting a point source synthetic to the direct S observations in the range of 60-70" for each event. In Fig. 6 , the observed interference pattern between the direct S and Scd phases is closely matched in the synthetics. This interference pattern is sensitive to the depth and size of the discontinuity in model SLHO, and quite good resolution of the model parameters can be obtained when a range of source depths is considered.
In order to confidently interpret the Scd arrival it is clearly necessary to inspect and model many events. The possibility of systematic receiver structure effects, multiple source complexity, source region complexity, and contamination due to SKS or other phases must be considered. Since model SLHO constitutes a dramatic departure from previous lower mantle shear velocity models, we present additional data and synthetic comparisons for five other Sea of Okhotsk events at different source depths. The other four events analysed in detail, as well as less complete data sets for several additional events, are very consistent with the data shown here, but are essentially redundant because they are at similar depths to one of the events shown in this paper.
The SH data and synthetics for an intermediate depth event (d = 136 km) are shown in Fig. 7 . For this source depth SS follows S by about 60s. This phase is omitted from the synthetics. The Scd arrival is clearly apparent in the downswing of the direct S phase and model SLHO again reproduces the interference accurately. Close inspection of the traces shows that for both the observations and synthetics, ScS and Scd are shifted 5 s later relative to S than for the deep focus event in Fig. 6 8 shows data for an event at 402 km depth which is recorded out to slightly greater distances. The observation at BLA is very close to the crossover distance for the triplication in model SLHO. Note the high-frequency, large first pulse of this signal compared with those at SCP and DAL. This is clearly apparent in the synthetics at these distances. Scd becomes indistinguishable for distances less than about 72".
Generally the short-period SH sections are too noisy to interpret; the observed signals are often very small and the profiles are sparse. One of the better quality short period sections Fig. 9 along with short-period synthetics for model SLHO. While there is certainly a large amount of scatter in relative amplitudes and significant SH coda, it is possible to identify S, ScS and Scd in all of the traces. Strong Scd arrivals are apparent at GEO, ATL and SHA, where model SLHO predicts that Scd is larger than ScS. The source wavelet in the synthetics was taken from the S-wave at GSC which is near 65'. The shortperiod synthetics show that Scd should be observable back to at least 72", but the typical coda amplitudes in the short-period traces are comparable in size to the predicted Scd amplitude, so it is difficult to pick the arrival confidently. The observations at AAM and LUB do show arrivals of the appropriate size, but the waveforms are rather variable, as is true of the ScS waveforms.
The long-period records from the same event are shown in Fig. 10 . These waveforms are somewhat more straightforward to interpret, particularly the strong interference at ATL, 543.9 573.9 603.9 633.9 543.9 573.9 ' 603.9 ' 633.9
T-A * 8.3, s SHA and BLA. The observation at LUB is well-modelled suggesting that the short-period observations are actually Scd on the near end of the triplication. A similar event (d = 466 km) is shown in Fig. 11 . The Scd arrival is clearly observed. A profile for a deeper event (d = 540 km) is shown in Fig. 12 . This event has a slightly longer source process than the others, but shows the Scd arrival from 74" to 82".
A large data set of stable rotated SH signals is needed to identify the Scd arrival. Thus, it is not surprising that such a phase has not been previously reported, since few detailed SH waveform studies have been conducted. The interference of direct S and Scd on the long-period records makes it difficult to time the arrival of Scd accurately in order to invert the travel times for structure. We have attempted to avoid this difficulty by measuring the peak-to-peak differential times ScS-S and Scd-S for both data and synthetics in order to incorporate the travel-time information in the modelling process. Picking the peak of the Scd arrival on long periods produces fine structure in the differential times, for at distances greater than 75" this interference peak is dependent upon the source frequency content and distance. Fortunately, picking the same peak in the synthetics accounts for the interference effects. The differential travel-time data for events near six different source depths are compared with model SLHO times in Fig. 13 . Given the nature of the travel-time picks, these plots actually provide an estimate of the waveform agreement between SLHO synthetics and the data. At a given distance there may be several seconds of scatter in both ScS-S and Scd-S, part of which is due to combining several events with different frequency content, and part of which is due to azimuthal variations in the differential times. Model complexities should be only weakly range dependent. Some comparisons of observations at a given station for several events of varying depth and distance are presented in Fig. 15 , for four stations spanning different distance ranges from the Sea of Okhotsk events. The phases are aligned on the direct S arrival, and any systematic receiver phases should have a nearly constant time separation from the S arrival. At ALQ such an arrival can be seen 25 s behind S. This arrival interferes with ScS near 74" and could be mistakenly identified as Scd at 70". Generally we have not found evidence for such large amplitude, late receiver phases (possibly SH reflections off the M o b ) . LUB, SCP and SHA show instances where Scd and ScS clearly have similar move out relative to S, which cannot be explained by receiver structure. Such comparisons have been made for all of the stations used in this study, along with comparisons of data from distinct source regions at a given station. The relative simplicity of the East Coast receiver structures has been confirmed by this procedure.
Only one o*.her WWSSN station outside of North America lies along the same azimuth from the Sea of Okhotsk at slightly greater distance. This is BEC (Fig. 4) , which ranges from 85" to 91" from the events used. For model SLHO this is in the range from crossover distance to just beyond, where Scd is predicted to become a first arrival. This crossover phenomenon is readily apparent at BEC as shown in Fig. 16 . The synthetics are computed for the appropriate distances and source depths. The simple waveform near 86" is produced by constructive interference of Sab, Scd and ScS, all arriving essentially within the first upswing. For a shallow event such as that of 1974 September 21, the crossover is expected to shift to a somewhat larger distance, hence the observation at 88" is similar to that near 86" for the deeper source. However, a few degrees beyond crossover, near 90", the arrivals separate by enough to broaden the first upswing. There is also a dramatic change in the ratio Table 1 corresponding to each trace. The traces are aligned on the S-wave arrival. The distance at which each observation is plotted is such that the observed ScS-S time is the same as predicted for the JB model at that distance for a focal depth of 600 km. For station ALQ the dotted line indicates an arrival which is observed at the same time relative to S for all events,'which is interpreted as a receiver phase.. Note that
Scd cannot be due to receiver structure and is difficult to observe closer than 71". Figure 16 . Observations and synthetics of SH records at BEC for several Sea of Okhotsk events. As the distance increases from 86", which is near crossover distance, to 90°, the interference between Scd and Sab becomes apparent. The synthetics are for model SLHO. of upswing to downswing amplitudes. This behaviour is very consistent with the model SLHO, and the waveform distortion is unlike that observed in any of the direct S phases at closer distances.
Since the tests described above fail to explain Scd as a source region or receiver phase, and the data are very consistent with the predictions of a lower mantle discontinuity, it appears that model SLHO is an appropriate velocity structure for the lower mantle between the Sea of Okhotsk and North America. The waveform information places rather tight constraints on the permissible velocity model. The velocity discontinuity is constrained in depth to 278 k 25 km above the CMB, and the velocity increase is 2.75 2 0.25 per cent. The observations near 90' are particularly sensitive to the velocity contrast across the discontinuity. The direct Sab arrival has the same travel times as the direct S-wave for the JB model to distances near 80' , and becomes several seconds later than JB between 80 and 89', as is observed in recent S-wave travel-time studies. The velocity gradient above the discontinuity in SLHO is probably somewhat steeper than necessary if the JB velocity structure were tapered off at shallower depth. This does not strongly affect the waveform modelling process. Beyond 100' diffracted Sd becomes the only significant arrival.
In an attempt to constrain the velocity gradient below the discontinuity, we compared the amplitudes of ScS with direct SH in the distance range 40-80". Mitchell & Helmberger (1973) suggested that the ScSH/SH amplitude ratio can be used to constrain the shear velocity gradient just above the core. We measured the peak-to-peak amplitude ratios for the Sea of Okhotsk observations, corrected them for radiation pattern using the mechanisms in Table 2 , and plotted them as a function of distance as shown in Fig. 17 . There is a fair amount of scatter, but the observations are numerous enough to define the mean amplitude ratio in each 5" increment of distance. The amplitude ratios for SH synthetics for the JB model and SLHO are also shown in Fig. 17 . Both models are in good agreement with the observations, indicating that smooth positive or near zero velocity gradients within D" are consistent with the Sea of Okhotsk data. However, it turns out that the SH amplitude ratios are not particularly sensitive to the shear velocity gradient in D", as discussed in Lay & Helmberger (1 983). The sharpness of the velocity discontinuity is an important feature to resolve, but the long-period records yield little constraint on this. The short-period data are not easy to interpret, but we can an least make some consistency arguments for a rather sharp velocity discontinuity. Fig. 18 shows several variations of model SLHO where the velocity jump is replaced by transition zones of varying thickness. Long-period synthetics throughout the triplication range are indistinguishable for these models, but short-period synthetics on the near end of the triplication (near the C cusp) do show substantial differences. Fig. 19 compares a typical short-period observation at 73.4" with short-period synthetics for SLHO and the transition zone models. Using the ratio of the amplitudes in the time window for Scd and ScS as a guide, it is clear that the data are compatible with a sharp increase. It is also apparent that a transition zone 45 km thick or thicker does not produce a large enough short-period Scd arrival. Other short-period data yield a similar conclusion.
The modelling procedure employed above does rely on rather subjective quality of fit assessment and it would be attractive to employ an inversion procedure that could more quantitatively span the model solution space. One of the major obstacles to applying a waveform inversion analysis to the SH data is that large travel-time anomalies exist in the data, indicative of lateral variations in the mantle that are not easily incorporated in any automated modelling procedure. Examples of the azimuthal variations are shown in Fig. 20 . The signals are recorded at the same distance from each event at stations separated by less than 20" in azimuth. Note that with the traces aligned on the ScS arrival, the Scd arrivals are at the same relative time, but the relative timing of Sob can vary by 4.4s. Such data indicate that the azimuthal variations affect the direct S-waves more strongly. This could be due to 
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either a near source anomaly, such as that proposed for the Sea of Okhotsk deep source region by Jordan (1977) or an anomaly along the Sab path in the mantle several hundred kilometres above the D" region, such as proposed for South American data in Lay (1983).
These large differential time anomalies clearly affect the nature of the Scd arrival at distances near 80°, where it interferes with Sab, and this is difficult t o allow for in any waveform inversion scheme. The stability of the ScS-Scd differential times suggests relative homogeneity of the lowermost 400 km of the mantle in the region sampled by the Okhotsk data.
Model SLHO is consistent with all of the Sea of Okhotsk SH data observed in North America, but the question arises as to whether the SV data are compatible with this model. SH waveform modelling alone cannot distinguish both shear velocity and density changes, so it is desirable to examine SV data in order to place any additional constraints on the density behaviour across the D" discontinuity. The major problem with SV data is that if large amplitude, stable SVand ScSVpulses are observed, there will also be large SKS phases. This is demonstrated clearly by a profile of SV signals for the event of 1970 September 5 , shown in Fig. 21 . The SKS arrival is the strong upward pulse that sweeps through the SV signal, crossing over it near 81". Note that ScSV has opposite polarity to direct SV, while one would expect the SVcd arrival for model SLHO to have the same polarity as SVab in this distance range. While there is some hint of the SVcd arrival at FLO, MNT and SCP, the SKS arrival crosses right through the time window of interest, making it practically impossible to look for the discontinuity in the SV data.
Since the model derived for the Okhotsk data involves a major Earth structure feature, we have checked the SH synthetics generated by the Cagniard de Hoop method by comparing them with the reflectivity method as developed by Fuchs & Muller (1971) and Kind & Muller (1975) . This was done to ensure that the partial ray sum used in the ray theory modelling does not introduce spurious features in model SLHO. A comparison of synthetic SH profiles for the two methods is shown in Fig. 22 . The source depth is 580 km and no Q structure is included. A relatively high-frequency source wavelet is used to enhance the waveform features. The reflectivity synthetics have a very slight radiation pattern in them. The generalized ray theory (GRT) and reflectivity synthetics for model SLHO are in Using the reflectivity program, we have computed the effects of the proposed D" velocity structure on diffracted SH. A comparison of diffracted synthetics for the JB model and the Sea of Okhotsk model is shown in Fig. 23 . The source wavelet has a dominant period of 20s, which is comparable to long-period diffracted SH observations at WWSSN stations. In the T-8.3A. sec range 95-1 00' the Sab branch produces a secondary arrival which diminishes rather quickly. For model SLHO the amplitude decay into the core shadow is similar to that of the JB model. It is unlikely that diffracted S studies which have typically used data beyond 100' could distinguish between the SLHO and JB models, even in the absence of source and receiver noise. It may be possible to examine diffracted S traversing the same portion of D" as sampled by the Sea of Okhotsk data to seek the subtle differences between these velocity models, as well as to further constrain the overall velocity gradient within D".
Sea of Okhotsk data recorded in Europe
Having established the presence of the lower mantle S-wave triplication in the Sea of Okhotsk data recorded in North America, it becomes of interest to examine other source region-receiver combinations to determine whether the discontinuity is global and what lateral variations may accompany it. The distribution of long-period seismographs in North America is denser than anywhere else; however, a relatively dense array of WWSSN stations in Europe recorded the same Sea of Okhotsk events used above as well as other Sea of Japan events. Fig. 24 shows the epicentres and station distribution used for the European paths. A profile of SH seismograms across this array is shown in Fig. 25 anomalous in its source complexity. Between 74" and 76" the Scd arrival appears to be present once again. The paths to these stations are very distinct from those to North America so this arrival appears to have a common lower mantle origin. Note that stations TOL and MAL near 90" show distortion of the first pulse similar to that seen at BEC, with broadened first pulses and small upswing to downswing amplitude ratios.
Another profile of data is shown in Fig. 26 , with very similar features. The observations at VAL and TRI show the clearest evidence for the triplication, though, once again, MAL shows a split first pulse. Comparisons of the SH recordings at VAL and TRI for several events are made in Fig. 27 . In neither case can the apparent Scd arrivals be expIained as receiver phases or source complexity. Thus, despite the spareseness of the data it appears that the European data are consistent with the North American results. However, close inspection of the traces shows that the waveforms are slightly shifted relative to those in North America.
Observations near 75' in Canada, at stations SFA and MNT, are compared with the observations at VAL and TRI in Fig. 28 . Synthetics for model SLHO are in close agreement with the Canadian observations as expected, but the Scd arrival is relatively late compared to the waveforms at VAL and TRI. This shift is several seconds and appears to be quite systematic. Moving the velocity discontinuity in SLHO upward by 40 km and keeping the Scd amplitude are in agreement with the European data. It is not possible to simply decrease the average Dff velocity enough to produce the several second ScS-Scd travel-time shift without having very strong negative velocity gradients. Thus, we feel that variation in the depth of discontinuity is the more reasonable explanation for this shift. 
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A, deg. America. An attempt was made by to isolate the cause of these azimuthal anomalies with the conclusion that the direct S phases encountered localized fast and slow regions in the mantle at depths of 1000-1900 km below the Caribbean and 1700-2700 km below northern Brazil and Venezuela, respectively. If this interpretation is correct, the ScS-Scd differential times for any lower mantle triplication should show less variation than the ScS-Sab differential times. Thus, in plotting the data profiles from Argentina we align all the traces on the ScS arrival and seek the Scd branch. the data; however, given the alignment of ScS it proves possible t o pick the Scd arrival in the range 71-81'. Note the difference in ScS-Sab times at ALQ and SFA, but the consistency in Scs-Scd at these two stations. PAS and GSC show strong interference in the downswing that is consistent with the Scd arrival. GOL and DUG are very long-period signals which show small Scd effects, but also comparably small ScS arrivals. Another section aligned on the ScS arrival is shown in Fig. 3 1. The Scd branch can again be traced back to about 70'. A third section is shown in Fig. 32 , with strong Scd arrivals at SFA, STJ, LHC and GSC. The other Argentine data profiles are similar, with fairly consistent Scd arrivals being apparent despite the large ScS-Sab travel-time anomalies. These data are not straightforward to model as the Okhotsk data, and not many stations lie in the range 75-80' where the Scd arrival should be strongest. However, the events have quite simple source characters and high signal-to-noise ratios. As with the Okhotsk data, comparison of numerous recordings at a given station proves to be a powerful tool to eliminate misidentification of receiver phases and to increase the effective station density. The Argentine events are remarkably similar in location (Table 1) and mechanism (Table 2 ) , so intercomparison of the events is straightfoward. Four station comparisons are shown in Fig. 33 . While the Scd arrival is small near 72", it is quite large near 80°, which is consistent with the Sea of Okhotsk observations. Inspection of SH signals at stations such as GSC and PAS for closer events confirms that the Scd arrival is not a receiver phase. Several of the Canadian stations are near 90°, and the waveforms at these show distinctive double arrivals in the first pulse that are generally consistent with the Scd and Sab interference seen in the Sea of Okhotsk data at similar distances. The better documented instances of this at stations FBC and EDM are shown in Fig. 34 between the two stations. These two stations are relatively well separated in azimuth so it is possible that the change in Scd and Sob ratio is due to lateral variations in D" within the azimuth range spanned by the North American stations. When all ScS-Scd differential travel-time observations for Argentina are plotted as a function of distance, a clear Scd travel-time branch is defined as shown in Fig. 35 . While the scatter at a given distance can be as much as 4 s, in general it is about 2 s, which is much less than the 8 s ScS-Sab variations. The time separation between ScS and Scd is slightly less than for model SLHO throughout the distance range 70-82", which led us to determine model SLHA. This model has a velocity discontinuity of 2.75 per cent at a depth 27 km deeper than in model SLHO. This modification reduces the travel time difference between ScS and the reflection off the discontinuity and fits the Argentine data quite well in an average sense (Fig. 35) . Synthetics for SLHA are compared with observations from several 
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Argentine events in Fig. 36 . The relative amplitude of the Scd branch throughout the range 73-80' is consistent with a velocity discontinuity the same size as in models SLHO and SLHE. The large azimuthal ScS-S anomalies in the Argentine data preclude the more complete waveform modelling performed for the Sea of Okhotsk observations in North America; however, SLHA provides a good average model for the Argentine paths.
Observations of the lower mantle triplication beyond crossover distance are particularly sensitive to the depth and size of the discontinuity. Thus, the observations at FW and EDM near 90" have also been modelled. These stations require localized modificatiom of model SLHA. Short-and long-period observations at these stations are compared h Table 1 . The traces are aligned on the ScS arrival and the distances have been shifted as in Fig. 15 . Note that the Scd arrival is very weak closer than 73", but is very strong near 8 0 ' . Table 1 . generally consistent with the expected complexity near 90" for the lower mantle triplication, with the first arrival being Scd and the second arrival being Sub. However, for model SLHA, which fits the Argentine data in the range 70-82", the Scd and Sab branches are nor separated as much at 90" as seen in the FBC observations. The relative amplitudes of sab to Scd are also not quite consistent with either FBC, for which the predicted ratio is too small, or for EDM for whch the predicted ratio is too big. Since these features do not appear to be receiver structure effects, we have searched for models which can satisfy these observations near 90". To separate the Sab and Scd branches adequately to model the FBC observations, one can either move the discontinuity to shallower depths (which shifts the crossover distance toward the source) or one can increase the velocity contrast across the discontinuity (which increases the slope between the two branches). The discontinuity must be shifted upward by nearly lOOkm compared with model SLHA if the first approach is adopted, or the velocity jump can be increased to 3.8 per cent while keeping the discontinuity at a depth 280 km above the CMB. Moving the discontinuity shallower is inconsistent with the ScS-Scd times in the Argentine data at closer distances. The second approach yields model M1 for which synthetics are compared with FBC in Fig. 37 . The time separation of the branches is in agreement with the data though the relative amplitude of Scd to Sab is still somewhat too large. Introducing a mild negative gradient throughout D" can diminish the Scd branch at this distance. For EDM, the time separation between Scd and Sab is fairly consistent with the prediction for model SLHA: however. the first arrival is much stronger than predicted. To decrease the Sab/Scd ratio the most straightforward approach is to introduce a transition zone rather than a sharp discontinuity at the top of D". A transition zone 80 km thick with a 3 per cent velocity increase centred 280 km above the CMB was introduced into model M2. The synthetics for this model, which is similar to SLHA, but with a distributed velocity increase, are shown in Fig. 37 .
While the Argentine data do not uniquely resolve the features of models SLHA, M1 and M2, we feel that there is clear evidence for lateral variations in the lowermost 400 km of the mantle along the paths from Argentina to North America. The localized increase in velocity contrast in model M1 is very consistent with the results of Lay (1983) . There it is proposed that a localized region of the lower mantle just above D", centred below Venezuela, is about 2 per cent slower than the surrounding mantle. The paths to FBC bottom in this vicinity, thus the total velocity contrast across the discontinuity might be expected to increase. The distinctive appearance of EDM and FBC clearly requires a rather substantial lateral variation in the nature of the discontinuity. Other stations in the 89-92" distance range such as COR,
PNT and VIC also show the split first pulse expected at this range, but the data are too sparse to map the lateral variations in detail.
Discussion
The data from all three source region-receiver combinations analysed in this paper are consistent with the basic conclusion that a large shear velocity discontinuity exists about 280 km above the core. The models derived from the SH data for each sample of the D" region are compared in Fig. 38 . The basic feature of a 2.75 k 0.25 per cent velocity discontinuity is present for each of these distinct paths. We consider these to be the first-order models, that satisfy nearly all of our SH observations. There appears to be lateral variation in the velocity increase and sharpness of the structure beneath northern South America represented by model SLHA; however, the basic character of the discontinuity is well established. The similarity of the depth and size of the discontinuity in such distinct portions of the
